Introduction
The flow through a porous medium under the influence of temperature and concentration differences, is one of the most important and contemporary subjects, because it finds great applications in geothermy, geophysics and technology. The practical interest in convective heat and mass transfer through a porous medium has grown rapidly due to the wide range of applications in engineering fields. These important applications include such areas as geothermal energy utilization, thermal energy storage and recoverable systems, petroleum reservoirs, insulation of high temperature gas-solid reaction vessels, chemical catalytic convectors, storage of grain, fruits and vegetables, pollutant dispersion in aquifers, agricultural and water distribution, buried electrical cables, combustion in situ in underground reservoirs for the enhancement of oil recovery, ceramic radiant porous burners used in industrial firms as efficient heat and mass transfer devices and the reduction of hazardous combustion products using catalytic porous beds. An excellent review on this subject can be found in the review article by Cheng [1] . Lee et al. [2] examined the effects of mixed convection along vertical cylinders and needles with uniform surface heat flux using a single curvature parameter as well as single buoyancy parameter to treat the limiting case of natural convection along the surface.
Non-Newtonian fluids in porous media exhibit a non-linear flow behavior that is different from that of Newtonian fluids in porous media. The research on heat and mass transfer in flows of non-Newtonian fluids in porous media is very important due to its practical applications in engineering, such as oil recovery, food processing, the spreading of contaminants in the environment and in various processes in the chemical and materials industry. Chen and Chen [3] presented similarity solutions for natural convection of a non-Newtonian fluid over vertical surfaces in porous media. Nakayama and Koyama [4] studied the natural convection of a nonNewtonian fluid over non-isothermal body of arbitrary shape in a porous medium. Kim and Hyun [5] examined natural convection flow of power-law fluid in an enclosure filled with heat generating porous media. Rastogi and Poulikakos [6] studied double diffusion from a vertical surface embedded in a porous medium saturated with a non-Newtonian fluid. These authors have found that the variation of the wall temperature and concentration necessary to yield a constant heat and mass flux at the wall depended strongly on the power law index. Jumah and Majumdar [7, 8] analyzed heat and mass transfer in free convection flow of non-Newtonian power law fluids with yield stress over a vertical plate in saturated porous media subjected to constant/variable wall temperature and concentration. Recently, Cheng [9] studied heat and mass transfer in natural convection of non-Newtonian power law fluids with yield stress in porous media from a vertical plate with variable wall heat and mass fluxes.
Another important class of fluids, called polar fluids, which is a special family of non-Newtonian fluids, whose constitutive equations were developed by Aero et al. [10] and D'ep [11] , exhibits boundary layer phenomenon. In the literature, polar fluids are characterized as those fluids with micro-structures, which are mechanically significant when the characteristic dimension of the problem is of the same order of magnitude as velocity, temperature and concentration fields are   , , 0 uv ,   0, 0, , T and C, respectively. Figure 1 shows the coordinate system and physical model for the flow configuration. The surface is maintained at uniform heat flux w q as well as uniform mass flux w m . The concentration of diffusing species is assumed to be very small in comparison with other chemical species far from the surface C  , and is infinitely small. Hence, the Soret and Dufour effects are neglected. However, the first-order homogeneous chemical reaction is assumed to take place in the flow. All thermo-physical properties of the fluid in the flow model are assumed to be constant except the density variations causing the buoyancy force represented by the body force term in the momentum equation. The Boussinesq approximation is invoked for the fluid properties to relate density changes to temperature and concentration changes, and to couple in this way the temperature and concentration fields to the flow field (Schlichting [36] ). Under the above assumptions, the equations of conservation of mass, momentum, angular momentum, energy and concentration governing the free convection boundary layer flow through porous medium are given by (Aero et al. [10] , D'ep [11] , Patil [20] and Patil and Kulkarni [19, 21] The appropriate boundary conditions are:
The boundary conditions (6) 
Substituting the following transformations:
,,
into Eqs. (2) - (5), we obtain the following non-dimensional equations: 
where Eq. (7) implies that the continuity equation is identically satisfied.
The corresponding boundary conditions (6) reduce to the following non-dimensional form:
The quantities of physical interest, namely, the skin-friction coefficient, wall couple stress coefficient, local Nusselt number and the local Sherwood number are defined, respectively, as
and 
III. Numerical Procedure
The set of non-dimensional equations (9)- (12) under the boundary conditions (13) for uniform wall heat flux as well as uniform mass flux with the initial conditions obtained from the corresponding steady state equations have been solved numerically using an implicit finite-difference scheme in combination with the quasi-linearization technique by Inouye and Tate [34] and Patil and Roy [35] .
then Eqs. (9) - (12) take the form:
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and the boundary conditions (13) 
(23) An iterative sequence of linear equations is carefully constructed to approximate the nonlinear equations (19)- (22) under the boundary conditions (23) achieving quadratic convergence and monotonicity. Applying the quasi-linearization technique, the nonlinear coupled ordinary differential equations (19)- (22) with boundary conditions (23) yield the following sequence of linear ordinary differential equations:
where,
The coefficient functions with iterative index i are known and the functions with iterative index (i + 1) are to be determined. The boundary conditions are given by
where   is the edge of the boundary layer.
Since the method is explained by Inouye and Tate [34] and also in a recent paper by Patil and Roy [35] , its detailed analysis is not presented here for the sake of brevity. In brief, the nonlinear coupled ordinary differential equations were replaced by an iterative sequence of linear equations following quasi-linearization technique. The resulting sequences of linear ordinary differential equations were expressed in difference form using central difference scheme in  -direction. In each iteration step, the equations were then reduced to a system of linear algebraic equations with a block tri-diagonal structure which is solved by using Varga algorithm [37] .
To ensure the convergence of the numerical solution to the exact physical solution, the step size  Table 1 and are found to be in excellent agreement.
IV. Results and Discussion
The numerical computations have been carried out for various values of the parameters, namely,   
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 increases approximately 122% for Sc = 2.64 (Fig. 12b) .
V. Conclusions
A detailed numerical analysis for the problem of coupled heat and mass transfer by natural convection flow of a polar fluid through a porous medium bounded by a vertical plate in the presence of first-order chemical reaction was carried out. The plate was maintained at uniform heat and mass fluxes. The governing equations were transformed into a set of non-similar equations. This set of non-similar, coupled nonlinear, partial differential equations governing the flow, heat and mass transfer was solved numerically using an implicit finite-difference scheme in combination with quasi-linearization technique. Conclusions of the study are summarized as follows:
1. The effect of the ratio of buoyancy forces  caused overshoot in the velocity profiles. 2. The effects of the material parameters  and  were significant on the velocity, angular velocity, temperature and concentration profile. 
